Background--Few studies have shown that right ventricular (RV) function is independently related to adverse events regardless of left ventricular (LV) function in heart failure. We evaluated the prognostic value of global longitudinal strain (GLS) of both ventricles in patients with acute heart failure.
A long with left ventricular (LV) dysfunction, right ventricular (RV) systolic dysfunction has been considered a poor prognostic factor in patients with heart failure (HF).
1,2 RV systolic dysfunction has also been identified as a potent predictor of adverse clinical outcomes in recent studies, independent of LV function. 3, 4 However, no large-scale studies are currently being conducted on this topic. Originally, strain measured using 2-dimensional speckle tracking echocardiography (2DSTE) was introduced in the analysis of LV function, and strain values can reflect global and regional myocardial functions objectively. 5 LV strain values can be used as prognostic indicators in patients with HF. 6 Because they can represent intrinsic myocardial properties, their application has been extended recently for the analysis of the right ventricle and the left atrium. Recent echocardiographic guidelines recommended several indexes to measure RV systolic function. 7 However, the objective quantification of the right ventricle has been problematic because of its complex shape. Among several echocardiographic parameters assessing RV function, global longitudinal strain (GLS) is an excellent index, and reduced RVGLS has been known to be a poor prognostic factor in several cardiovascular diseases. [8] [9] [10] In this study, we evaluated the prognostic value of GLS of both ventricles and evaluated whether RVGLS can be an independent predictor of long-term prognosis in patients with acute HF.
Methods

Study Population
The RVGLS and LVGLS values of 1824 randomly selected patients from the registry for STRATS-AHF (Strain for Risk
Assessment and Therapeutic Strategies in Patients With
Acute Heart Failure; NCT: 03513653, https://clinicaltria ls.gov/ct2/show/NCT03513653) were measured. STRATS-AHF is a study of strain measurement in 4312 patients hospitalized for acute HF from 3 tertiary university hospitals in Korea from January 2009 through December 2016. 11 Acute HF was defined as a rapid onset or worsening of HF symptoms and/or signs requiring urgent evaluation and treatment. 12 We included all hospitalized patients with signs or symptoms of HF with either pulmonary congestion or objective findings of LV systolic dysfunction or structural heart disease in the study. We excluded patients with acute coronary syndrome or severe primary valvular disease who required surgery. All-cause deaths and dates of deaths were identified in 100% of participants from their medical records or from the Ministry of Public Administration and Security. The study protocol was approved by the institutional review board of each hospital. The institutional review boards waved the need for written informed consent from the study patients. The study complied with the Declaration of Helsinki principles. The data, analytic methods, and study materials will not be made available to other researchers for purposes of reproducing the results or replicating the procedure.
Calculation of the Sample Size
We estimated the sample size before the measurement of RVGLS using PASS 11 (NCSS Statistical Software). On the basis of previously reported data, 13 we calculated the sample size to obtain a hazard ratio (HR) of 1.3 in both groups. 14 A 2-sided log-rank test with an overall sample size of 1600 participants (800 in group 1 and 800 in group 2) achieved 99.1% power at a 0.05 significance level to detect an HR of 1.30 when the control group had an HR of 1.00. Considering the feasibility of RV strain measurement and the possibility of measurement errors in %20%, we attempted to measure RV strain in a total of 1920 randomly selected patients.
Echocardiographic Examination
We obtained all echocardiographic images using the standard echocardiographic technique suggested by the American Society of Echocardiography, using commercial echocardiographic machines and a 2.5-MHz probe. 7 The standard echocardiographic techniques included M-mode, 2-dimensional, and Doppler measurements. We recorded the tissue Doppler-derived peak systolic and early and late diastolic velocities of the septal mitral annulus. LV end-systolic and end-diastolic volumes were measured from the apical 4-and 2-chamber views, and LV ejection fraction (LVEF) was calculated using the biplane Simpson method.
Strain Analysis
We downloaded the echocardiographic images from the cardiac picture archiving and communication system in the DICOM (Digital Imaging and Communication in Medicine) format. These DICOM files were sent to the strain core laboratory. Strain analysis was conducted using a commercial software, TomTec (ImageArena 4.6), as described previously. 15 TomTec software is vendor independent. For myocardial deformation analysis, the endocardial border was traced on the end-systolic frame in the selected image. The endsystolic frame was defined by the QRS complex or as the smallest LV volume during the cardiac cycle. The software automatically tracks speckles along the endocardial border and myocardium throughout the cardiac cycle. The peak longitudinal systolic strain was automatically defined as the peak negative value during the cardiac cycle. GLS in each view was calculated as the mean value of 6 segments of each apical view. LVGLS was measured as the average of GLS values from 3 apical views (4, 3, and 2 chambers). RVGLS was measured only in the apical 4-chamber or focused RV view.
Because it was difficult to separate the RV free wall from the interventricular septum with this version, we averaged all segmental strain values from the RV free wall and ventricular septum. GLS was analyzed on a single cardiac cycle in the patients with sinus rhythm; the GLS value was calculated as the average of 3 cardiac cycles in the patients with atrial fibrillation. The strain values were measured by a specialist who was blinded to the clinical data of the study population.
Statistical Analysis
Data were presented as meanAESD for continuous variables and numbers with frequencies for categorical variables. For
Clinical Perspective
What Is New?
• In patients with acute heart failure, left and right ventricular global longitudinal strains (GLSs) were significantly associated with all-cause mortality even after the adjustment of other clinical variables.
• Patients with lower left ventricular GLS (<9%) and right ventricular GLS (<12%) had the worst prognosis.
• In patients with pulmonary hypertension, the predictive power of right ventricular GLS was less prominent than that in patients without pulmonary hypertension.
What Are the Clinical Implications?
• Measurement of left and right ventricular GLS can give prognostic information in admitted patients with acute heart failure.
comparisons among groups, we used the Student However, in the case of a variance inflation factor >10 in the linear regression analysis, the variables with multicollinearity with others were excluded from the analysis. In the multivariate analysis, we analyzed the individual effects of LVGLS and RVGLS as continuous variables in analysis A and analyzed the grouping effect of each value in analysis B. The intra-and interobserver variabilities of LVGLS and RVGLS were evaluated in 20 random participants by 2 independent investigators by calculating the intraclass correlation coefficient. The data were analyzed using SPSS v20 (IBM) and MedCalc v12.3.0.0 (MedCalc Software). A 2-sided P value of <0.05 was considered statistically significant.
Results
Patient Characteristics
Of the 1920 randomly selected patients with adequate echocardiographic images, RVGLS could be measured in 1824 patients (95.0%). We used all commercially available echocardiographic machines, and 60.3%, 21.5%, and 18.1% of the patients were examined using General Electric, Siemens, and Phillips echocardiographic machines, respectively. The mean patient age was 70.4AE13.8 years, 47% were women, and the mean LVEF was 39.3AE15.2% (Table 1) . Ischemic heart disease was found in 34% of the patients and atrial fibrillation in 30%. The median time interval between admission and echocardiographic examination was 1 day (interquartile range: 0-2 days). The mean LVGLS value was 9.7AE4.7%, and the mean RVGLS value was 12.0AE6.2%. RV systolic pressure was 45.2AE15.2 mm Hg and had no correlation with RVGLS (r=0.040, P=0.162). In total, 975 (54%) patients had HF with preserved ejection fraction (<40% LVEF), 337 (18%) patients had HF with midrange ejection fraction (40-49% LVEF), and 51 (28%) patients had HF with preserved ejection fraction (≥50% LVEF).
Clinical Outcomes According to Biventricular GLS
A total of 799 patients (43.8%) died during the median followup duration of 31.7 months (interquartile range: 11.6-54.4 months).
The cutoff value showing the highest sensitivity and specificity was assessed using the receiver operating characteristic curve analysis (9% for LVGLS and 12% for RVGLS). We classified the patients into 4 strain groups according to their LVGLS (≥9%) and RVGLS (≥12%) values. Group 1 included those with LVGLS ≥9% and RVGLS ≥12%; group 2 had LVGLS ≥9% and RVGLS <12%; group 3 had LVGLS <9% and RVGLS ≥12%; and group 4 had LVGLS <9% and RVGLS <12% (Figure 1 ). The patient characteristics by group are summarized in Table 1 .
Age and body mass index were similar among groups. Group 4 had the highest heart rate, NT-proBNP concentration, LV dimensions, LV volumes, E/E 0 ratio, and number of patients with New York Heart Association functional class IV. HF with reduced ejection fraction was the most common condition observed in group 4. However, the pattern of discharge medications was insignificant among the groups.
In the univariate analysis of all-cause death (Table 2 ), age; BMI; systolic blood pressure; diastolic blood pressure; New York Heart Association functional class IV; hypertension; diabetes mellitus; ischemic heart disease; serum concentrations of hemoglobin, creatinine, total cholesterol, and NTproBNP; and E/E 0 ratio were significant. LVGLS (per 1% Strain group, according to biventricular GLS, was a significant determinant of all-cause death (P<0.001). In the Kaplan-Meier survival analysis, group 4 had the worst longterm prognosis, followed by groups 3, 2, and 1 (Figure 2 ). In the Cox proportional hazards analysis, the HR of group 4 was 1.76 (95% CI, 1.47-2.09, P<0.001) compared with group 1; group 3 had an HR of 1.38 (95% CI, 1.12-1.72), and group 2 had an HR of 1.27 (95% CI, 1.02-1.57, P=0.033) compared with group 1. In the multivariate analysis (Table 3) , age, male sex, systolic blood pressure, serum hemoglobin and creatinine concentrations, E/E 0 ratio, and use of RAS (renin-angiotensin system) blockers and b-blockers at discharge were significant. LVGLS (per 1% decrease; HR: 1.057; 95% CI, 1.029-1.086; P<0.001) and RVGLS (per 1% decrease; HR: 1.022; 95% CI, 1.004-1.040; P=0.014) were also significant after adjustment. In the multivariate analysis, strain was found to be significant, and group 4 had the poorest event-free survival and all-cause mortality (P<0.001).
Prognostic Stratification According to the Presence of Pulmonary Hypertension
When we divided our study population into 2 groups according to the presence of increased pulmonary arterial pressure (assessed by maximal velocity of tricuspid valve regurgitation Figures 3 and 4) .
Variability of Strain Measurement
The intraobserver variabilities of the intraclass correlation coefficient of LVGLS and RVGLS were 0.924 (95% CI, 0.812-0.969) and 0.937 (95% CI, 0.844-0.974), respectively. The interobserver variabilities of the intraclass correlation coefficient of LVGLS and RVGLS were 0.900 (95% CI, 0.733-0.963) and 0.888 (95% CI, 0.701-0.958), respectively.
Discussion
In this study, we showed that RVGLS was significantly associated with all-cause mortality regardless of LVGLS. Those who had decreased biventricular GLS (LVGLS <9% and RVGLS <12%) showed the worst prognosis. RVGLS has greater significance in the absence of pulmonary hypertension.
Prognostic Stratification According to Biventricular GLS
Unlike LVEF, myocardial strain values based on 2DSTE can represent myocardial deformation. These have been known to be objective and reliable markers of intrinsic myocardial contractility. 5 Myocardial strain values obtained on 2DSTE, which is a simple and feasible method with good Group 1: LVGLS (≥9%) and RVGLS (≥12%); group 2: LVGLS (≥9%) and RVGLS (<12%); group 3: LVGLS (<9%) and RVGLS (≥12%); group 4: LVGLS (<9%) and RVGLS (<12%). BMI indicates body mass index; DBP, diastolic blood pressure; HF, heart failure; HFmrEF, heart failure with midrange ejection fraction; HFpEF, heart failure with preserved ejection fraction; HFrEF, heart failure with reduced ejection fraction; IHD, ischemic heart disease; BMI indicates body mass index; CI, confidence interval; DBP, diastolic blood pressure; HFmrEF, heart failure with midrange ejection fraction; HFpEF, heart failure with preserved ejection fraction; HFrEF, heart failure with reduced ejection fraction; HR, hazard ratio; IHD, ischemic heart disease; LVEDD, left ventricular end-diastolic dimension; LVEDV, left ventricular enddiastolic volume; LVEF, left ventricular ejection fraction; LVESD, left ventricular end-systolic dimension; LVESV, left ventricular end-systolic volume; LVGLS, left ventricular global (peak systolic) longitudinal strain; MRA, mineralocorticoid receptor antagonist; NT-proBNP, N-terminal probrain natriuretic peptide; NYHA Fc, New York Heart Association functional class; RAS, renin-angiotensin system; RVGLS, right ventricular global (peak systolic) longitudinal strain; RVSP, right ventricular systolic pressure; SBP, systolic blood pressure.
reproducibility, are strong prognostic factors among patients with HF, independent of LVEF. 6, 11 In this study, LVGLS was a significant prognostic indicator of adverse clinical events (HR: 0.957; 95% CI, 0.943-0.971; P<0.001) and all-cause death (HR: 0.949; 95% CI, 0.933-0.965; P<0.001). A cutoff value of 9% was optimal for separating patients with and without adverse clinical outcomes in our study. This result is similar to the previously reported LV cutoff value in patients with symptomatic HF. 16 Along with LV dysfunction, RV dysfunction has been regarded as a poor prognostic factor in patients with HF.
1,2
Information on RV systolic function in patients with HF can provide complementary information in the stratification of patient prognosis.
1 RV systolic function can be influenced by LV systolic function. Because the right ventricle is easily influenced by ventricular loading conditions, RV enlargement and RV systolic dysfunction can be caused by elevated LV enddiastolic pressure reflected backward to the right ventricle. 17 In our study, we assessed RV systolic function using RVGLS. RVGLS obtained with 2DSTE has been used as a systolic marker with considerable feasibility and reproducibility. 18 The patients with a decreased RVGLS value (<12%) had an increased E/E 0 ratio (21.0AE13.0 versus 18.1AE9.0, P<0.001),
which is an echocardiographic indicator of LV end-diastolic pressure, and left atrial diameter (47.2AE9.9 mm versus 44.9AE10.0 mm, P<0.001) compared with the other patients. These data suggest that the patients with decreased RVGLS values had higher LV end-diastolic pressure. Similar to LVGLS, RVGLS is a strong predictor of clinical outcomes in several cardiovascular diseases. 8, 10, 19 In our study, the cutoff value of RVGLS in the prediction of adverse clinical outcomes was 12%. In a study of patients with advanced systolic HF awaiting heart transplantation, RVGLS showed a significant correlation with the RV systolic stroke work index, a hemodynamic parameter usually used to evaluate RV function. 20 RVGLS <10.8% is the cutoff value for detection of a decreased RV systolic stroke work index (<0.25 mm Hg/LÁm 2 ). RVGLS <14.8% obtained by the velocity vector imaging algorithm was a prognostic factor in patients with HF with reduced ejection fraction (LVEF ≤35%).
13
We showed that strain group based on LVGLS and RVGLS values was a significant prognostic factor in multivariate analysis. Group 1 had the best long-term prognosis, followed by groups 2, 3, and 4. Although group 2 seemed to have a higher survival rate than group 3, there was no significant difference between them. We think this phenomenon may have originated from ventricular interdependence. The left and right ventricles have a common interventricular septum and specific myocardial fiber orientation. RV systolic function can be influenced by LV systolic function. LV contraction can account for %20% to 40% of RV systolic pressure, and RV contraction has been shown to influence %4% to 10% of LV systolic pressure in several experiments. 21 The effect of RV dysfunction on long-term prognosis may be low because a relatively healthy left ventricle can overcome RV dysfunction. Moreover, LV systolic dysfunction can activate the neurohumoral system and affect RV systolic function.
22
Prognosis According to RV Function and Pulmonary Artery Systolic Pressure
As a general rule, pulmonary hypertension caused by left HF is coupled with RV systolic dysfunction. [23] [24] [25] However, this relationship between pulmonary arterial pressure and RV systolic dysfunction in chronic HF is not always present because RV systolic function may adapt over time in response to an increase in RV afterload. As discussed earlier, RV enlargement and RV systolic dysfunction can be caused by elevated LV end-diastolic pressure reflected backward to the right ventricle because the right ventricle is easily influenced by ventricular loading conditions in chronic HF. The pathophysiology and prognosis of RV dysfunction in acute HF may differ from those in chronic HF. Consequently, pulmonary hypertension related to LV failure was the most important cause of RV dysfunction in our study. Pulmonary arterial systolic pressure was significantly higher in the patients with a decreased RVGLS value (46.1AE15.2 versus 44.2AE15.1 mm Hg). In the patients with elevated pulmonary arterial pressure, reduced LV strain rather than RV strain was the major determinant of all-cause mortality; however, allcause mortality between the patients with reduced RV and LV strains in normal pulmonary arterial pressure was similar. In the patients with a normal pulmonary arterial pressure, the decreased RVGLS value may have resulted from intrinsic RV muscular dysfunction rather than passive transmission of increased pulmonary arterial pressure. Thus, patients with a decreased RVGLS value might have an intrinsic myocardial dysfunction, which can influence prognosis.
Our results are different from those of the study by Ghio et al, 25 who showed that the assessment of RV function did not improve the prognostic stratification of patients with HF and normal pulmonary arterial pressure. This difference might have been observed because of the different study populations and methods of measuring RV systolic function. They included patients with chronic HF and measured the RV ejection fraction via right heart catheterization. Conversely, we studied patients with acute HF and measured GLS using 2DSTE. The pathophysiology of RV dysfunction in acute HF is different from that in chronic HF. In acute HF, pulmonary artery pressure increased by congestion might worsen RV function. Moreover, RVGLS could represent an intrinsic myocardial property that could not be measured using volumetric methods.
Limitations
The study has several limitations. First, this study was retrospective, without a standardized protocol that used only 1 echocardiographic machine or acquired a focused RV view in the echocardiographic examinations. Moreover, the treatment pattern for HF might differ among physicians and hospitals; however, the enrolled patients were treated and followed up at an HF clinic with standard treatment guidelines for acute HF, and data on all-cause deaths were collected from the National Insurance data or National Death Records. We gathered all echocardiographic images using standardized imaging protocols. Second, there was vendor dependency in the strain measurement. We used a vendor-independent strain algorithm for the measurement of LVGLS and RVGLS. Because there can be different strain values using other algorithms, the cutoff values obtained in this study should be used with caution in other study populations in which other strain algorithms are used. Third, we measured RVGLS from the RV free wall and interventricular septum together because of the technical difficulty of RV strain measurement with this feature-tracking algorithm. If we were to use total RVGLS along with the RVGLS value from the RV free wall separately, the result might be more interesting and informative in the prediction of clinical outcomes. Fourth, this study might have potential selection bias. Although the RV strain was measured in the randomly selected patients, the study patients had higher NT-proBNP levels and worse LV systolic and diastolic parameters as well as a higher incidence of all-cause death than did those excluded from the STRATS-AHF registry. Finally, although the strain values are currently the best echocardiographic markers reflecting myocardial systolic function, using them has not yet been regarded as the gold standard method. 5, 26 Further prospective studies with standardized protocols are needed to determine the clinical significance of these values.
Conclusions
In patients with acute HF, RVGLS was significantly associated with all-cause mortality regardless of LVGLS, and those who had decreased biventricular GLS showed the worst prognosis. The predictive power of the RV strain was more prominent in the absence of pulmonary hypertension.
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